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coordinate space of the head
coordinate space of the image
PITCH angle
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oe%{vsu|lonp^ls§tXj0°GikjtX¨co·q%pX|e^z
ln`ce ' '+ln¨cojc|Gtv¨ªllnt=5ea|¨   qs§ejFl%´pXjfp   jce^zFtvoG¦utªq%pX¦§¦«£p   jceaoe¦³p^ls§tXjc|`csufq>pXjf5e
pX||¨cdfe%}][erlk¡±ee%jpXjc}4.5:rzX¡(`csuqy`]`p>ºvealn`ce(|pXdfe Cdftª}cpX¦§s«lk£ Ey°Zi¤­[¡·e(q%tvjc|s§}~e%o
pO~¦§tLqy½,suj5z0¡(s«ln`¬ºvt&%ªe%¦u|t^­±sujmlne%j~|s«lnsue%|' G  ,), ,  '  zpXj~} pc¦utLqy½   suj 4 (: z¡(sul`$ºXt%ªe¦§|tX­Psujmlnejc|s«lnsue%| ( G  , , , +(  z~ln`ce ' ';5elk¡·e%ej6 p^jc}   su|(e%ÁF¨pX¦0ltc´
























i¤l(q%pXjO[ee>pX|s§¦«£|`~tJ¡(jOln`cp^l.% 	    	 v°_a`ce ' '¾d]e%pX|¨~oe%|al`ce|loe%j~{Xln`
tX­*ln`~ep   jceoe%¦§p^lnsutvjc|`csu+[erlk¡±ee%j pXjc}   °ikj+pXolnsuq%¨c¦§pXo%zPsu­ ' ' vzZln`ceoe
e%ªs§|l(q%tLe   q%sue%jml| 	UpXjc}¶|¨cqy`l`p^l2(   	 '#  a­¯tvoapX¦u¦[l`ceºvt&%ªe%¦u|     , ,), ®suj
ln`ce|eCc¦§tLqy½F|%°G_a`F¨c|zX¡·e±pXsudRp^ld]p%ªs§dfsuÃ%sujc{ ' ' ° '±tvjmlnopXo£ltdfel`ctL}c|Pp^|e%}tvj
p{v¦utvpX¦mqos«lneosutvj0zXl`cs§|jcer¡ÂpXccotmpXqy`µpX¦u¦utJ¡(|lnt¶e%¦us§dfsujp^le·ºveo£pX|£Ldfdfelosuq>pX¦~pXjc}
d]e%pXjcsujc{v¦ue%||=pXoe>pX|a­¯otXd ln`ceq%tXd]~¨~lyp^ls§tXjtX­Zln`cec¦§pXjcem£O¨c|sujc{U¦§tLq>pX¦!dfe%pX|¨coe%|
tX­|£Ldfdfelo£v° 6Psuo|l%z*s«­jct¼~¦§tLqy½   s§jAln`ce$|¨c~|el	}ce²j~e%} suj 4 56µe%ª`csucs«ln|
p#`cs§{X` ' '¡(s«ln` p#{vs«ºvej;c¦utLqy½ s§j ln`~e©|¨cc|elO}cer²jce};suj 5z¶s«ln|q%ejmlne%osu|
e%¦us§dfsujp^lne}+|lonpXsu{v`ml­¯tvo¡*p^o}c¦«£vzm£ |ellnsujc{©pwqtvjmºvejcs§ejml]l`coe|`ctX¦§}0°wikj#conp^qlnsuq%e^z
ln`csu|`pXc5e%j~|¡(`~e%j¬ln`ceµ|lno¨~qln¨~oe%|e%ªsu|ls§jc{$suj¥tXjceµ{vs«ºve%j¥c¦utªqy½ws§j ®p^oefpXc|e%jml
­¯otvd pXjm£¥c¦utªqy½¥suj 4.56 zZ¡(`csuqy`+su|ln`~eq>p^|eU­¯tXo|lnotXjc{v¦«£¼p^|£Ldfd]erlnos§q%pX¦apXoe>pX|°
_a`cs§|fe¦§sudfs§jplnsutvj¸s§|µjct^lfe>pX|s§¦«£¼­¯e%pX|suc¦ue$suj =   gªz*>~z   <@9z¡(`ce%oeOsulµsu|µ}cs   q%¨c¦«lflnt
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 ¦§e%pX|lTlnos§dfdfe%}]|ÁF¨p^oe%|ÆL_ À ÇP|lonp^le%{X£ s§|T¨c|e%}flnt²jc}fln`cea~¦³pXj~e;[e|lC|¨c5e%ox
[tv|s§j~{ ln`ce=5tvsujmln|9
	/pXj~}	ln`ces§oaqtv¨cjmlneopXoln|  F°_a`~s§|adfsujcs§dfsuÃ>p^ls§tXj$|qy`ce%dfe
`pX|O[ee%j;cotQºvej lntÂ5e¥­@pXodftvoe otvc¨c|lltAtX¨~ln¦us§eo|Oln`p^j l`ce q¦³p^||suq>p^¦¦ue>p^|l
|ÁF¨pXoe%|±dferln`ctL} =«  @9°Gaql¨pX¦u¦u£Xz~sujtv¨~oC~otvc¦ue%dOzL¡±e¶`p>ºve¶lnt}~e>pX¦¡(s«ln`Ulk¡·t½Fsujc}c|
tX­PtX¨~ln¦«£Ls§jc{]dfe>pX|¨coe|%° 6Psuo|l%z}ce%5e%j~}cs§j~{tvjOln`ceqy`ctXs§qetX­ln`~ecpXonpXdferlne%o|%z7pX5e%ox
onpXjmld]p^lnqy`~s§jc{X|q%pXj `cpXc5e%j¥su­Cln`cef`ce%pX}¥s§||lotvj~{v¦u£wlnsu¦ule%}0° À eq%tvjc}ÄzZerºve%j¼p^­3lneo
ln`ce(sujcsuls³p^¦|`ctvolx¤¦§su|ls§jc{ln`cp^lTe%¦us§dfsujp^le%|±~¦§tLqy½F|C¡(s«ln`]¦§tQ¡  ' 'ªzFc¦utªqy½F|Cq%tvjmºver£Ls§jc{
|lnotvjc{p^|£Ldfd]erlnos§e|Cq%pXjµoed]pXs§jÄ°G_a`csu|`pXc5e%jc|Z¡(`ce%jµlk¡·t|lno¨cql¨coe|CpXoe·coe|e%jml
s§j©5tXln`©`~e%dfs§|c`ceoe%|zZ~¨~lsuj©}cs[e%oe%jml¦§tLq>plnsutvjc|%´(ln`~e lk¡±td]p^lqy`ce%}¥c¦utªqy½F|q%tXjªx
lypXsujcsujc{Ul`cs§|¶|lo¨cqrln¨coe e%ª`csucs«lpf`csu{v`  ' '0°*_a`~e¨c|etX­TpfotXc¨c|ldfs§jcsudfs§Ã%p^lnsutvj
lne%qy`~jcs§ÁF¨ceaejpXc¦ue%|Gl`ce±qtvdfc¨~le%}µc¦§pXjce±lt=5e±tvjc¦«£pX|e}µtvjl`ce±¨cj~}ce%o¦u£Lsujc{{votX||
|£Ldfd]erlno£ t^­±ln`~eUcopXsuj0zZl`cep^|£Ldfd]erlnos§e|5e%sujc{loe>plne%}¼pX|tv¨~ln¦usue%o|°	_a`ce ª_ À
|qy`ced]e¡±e¨c|esu|%´
0 _a`ce~¦³pXj~e dfs§j~s§dfsuÃ%sujc{   "$" 	>D%'(( ")" * su|pXjpX¦«£Flnsuq>pX¦u¦u£$­¯tv¨cj~}0z5pX|}ce x
|qosu[e}suj$l`cepXc5e%jc}~s %  "$"-,(")" s§|al`ceT¨~q%¦us§}cs§pXjjctvodO°
0 _a`ceµoe|su}c¨pX¦u|   "$" 	% A( "$" pXoelosudfd]e}0zpXjc}  s§|oe%qtvdfc¨~le%} pX|
coerºLs§tv¨~|¦«£vz7¨c|sujc{]tvjc¦«£	ln`~eºXt&%~e¦§|¡(sul`$l`ce   |d]pX¦§¦ue%o¶oe|su}c¨pX¦u|%°
0  `ce%j¾ln`~e¬pXjc{v¦ue©[erlk¡±ee%j ln`ce¬jctvod]pX¦ºveqltvo|$tX­lk¡±tÂ|¨~q%q%e||suºXe%¦«£ e%|lns x
d]p^lne}®c¦§pXjce%|s§|¦§tQ¡·e%o=ln`cpXj©p]²%~e}®ln`coe%|`ctv¦u}0zÄ¡·e q%tvj~|su}ce%ol`p^lln`cer£®pXoe
C|¨   q%sue%jmln¦«£Oq%¦utv|eMElnt]e>p^qy`tXl`ce%oz7pXjc}ln`~es«lneonp^lsuºXe|qy`ce%dfe|lntXc|%°
_a`~s§|¶|lonp^le%{X£s§|¶pXc¦uelntfq%tX[e¡(s«ln`$¨clnt   tX­PtX¨~ln¦us§eo|Æ@s@° eX°uz7pf~oe>p^½L}~tJ¡(j
[tvsujmltX­ ~° vÇ =u  @9° _ZtOsudfcotQºveµl`ce]pXq%q¨conpXqr£©tX­Tln`~eµe%|ls§d]p^ls§tXj0z!¡±efs«lne%op^lne l`ce
cotLq%e||Æ 6Psu{v¨coe0vÇ °G|·coerºªsutv¨c|¦u£UjctXle%}0zFln`~elnopXjc|­¯tvod]p^ls§tvjB  4C  GH *
s§||¨~qy` ln`cp^l3  1 suj B56 °  efd]pX½XeUpjce¡ c¦§tLqy½©d]p^lnqy`~s§jc{$5elk¡·e%e%j B(:
pXjc}4.B5: rz 1 [es§j~{Ol`ceµ²o|ln¦«£¬e%|lnsudUplne%} c¦§pXjce ]zp^jc}¥p$jcer¡ e|lnsud]p^lnsutvj
 * tX­!l`cedfsu}ªxk|pX{vs«llnpX¦[~¦³pXj~e=m£Ul`ceª_ À cotLq%e}c¨coe^°T_a`celnopXjc|­¯tvod]p^ls§tvj;B * 4!C    GH *  8C    GH * su|a|¨cqy`$ln`p^l  *  1 suj2B * C B(:Ç °­3lneoa|erºve%opX¦sule%onplnsutvjc|%zJln`~eCdfsu}ªxk|pX{vs«llnpX¦vc¦§pXjce   su|q%tvdfc¨ªlne%}­¯otvd ln`ceTsud]pX{veB 

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qy`ctvsuq%eftX­CpXopXdfelneo|]Æ¯s9° eX°uzp^ltvjceµ{XsuºXe%j¬|q%pX¦§e>Çr°µ¶|¨p^¦§¦«£vz!¡·e ² %®l`ceµjF¨cd5e%otX­
sule%onplnsutvjc|%´lk£Lcsuq>pX¦u¦«£vz   
 £Ls§e¦§}~|{vtLtª}oe%|¨c¦ul| Æ¯|ee|e%qrlnsutvj®gmÇ °
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q%tv|l>° Å jl`ce®qtvjmlnonp^o£vz*¡(`~e%j ¸s§|	pX¦§oe>pX}ª£Â¡·e%¦u¦pX¦usu{vjce%}Äz*¡±e®q%pXj»oe%|losuql	l`ce
jce%su{v`F[tXo`ctLtª}µt^­Äoe%|e%pXoqy`Äzªp^jc}µlno¨~|lTdftvoe*l`ce ' 'Âqtvdfc¨~le%}]tvjf|d]pX¦u¦~¡(s§j~}ctQ¡(|%°
 e sudfc¦§edfe%jmlne}¼pd¨c¦«lnsu|q>p^¦§eµ|qy`ce%dfe lnt	pXqy`csueºve]p{XtªtL}lonpX}ce xkt 5elk¡·e%e%j
pXq%q¨conpXqr£$pXjc}$q%tvdfc¦ue%ªs«lk£v°aikjcs«lns§pX¦u¦u£Xz¡(`ce%j$ln`ce`ce>p^}su||¨c|5e%qrlne}wlnt][e|lnotXjc{v¦«£
lnsu¦ule%}0zF¡±ed]pX½Xep²o|l·e%|lnsudUplnsutvj	tX­[ln`ce¶dfs§}ªx¤|npX{XsullypX¦7c¦§pXjce(¡(sul`¦§pXo{Xe¶º^pX¦u¨ce%|CtX­
 z /=z $zBzFp^|e%}]tvj]p}csu|c¦§pXq%edfe%jml±²e¦§}f¡(s«ln`]¦§tQ¡»}~e%jc|sulk£]pXj~}]¦utQ¡»oe%|tX¦§¨~ls§tXj0°
_a`cs§|Te|lnsud]p^lne  G s§|l`ceaq%ejFle%oTtX­AB3G C ,), , C B3G  (:*Æ¯j]su|Gln`~e¶jF¨cd[eoTtX­5sule%onplnsutvjc|
p^lpÂ{vs«ºvej |q>pX¦ueXz|ee |e%qrlnsutvj   °   °   Çr° _a`ce%jÄz=¡±e }ce%qoe>p^|e l`ce¬pXopXdfelneo||t
ln`p^lln`ce	qtvdfc¦ue%ªsulk£¸oe%d]pXsujc|µq%tXjc|lnpXjml>zln`cej~e¡,e%|ls§d]p^le * su| ln`~eq%e%jmle%oµtX­





1       =   =    =Ctvo@  	    =    =     =  Æ¯}cs§|q%¨c||e}¥sujln`~ej~e%Ll|e%qrlnsutvj7Ç
1 /   z$  B   =
0 *l(e>pXqy`sule%op^lnsutvj0z~l`ce£$p^oepX¨~ltvd]p^lnsuq>p^¦§¦«£¨c5}p^le%}pX|a­¯tv¦§¦utQ¡(|%´

  = 5Lz/
 / = 5ªz$
 $= 5ªzB




d]pX½Xe|ln`ceq%tXd]~¨~lne} ' ' [eq%tvdfedfe%pXjcsujc{v¦ue%||°_a`ce¡(`ctv¦ue cotªqe%|||ltvc|
¡(`ce%j l`ce%oe*su|Gjct¨c5}p^ls§jc{s§jfpXjm£}csuoe%qrlnsutvj0° 6tvoPpXj sud]pX{ve*tX­7|s§Ãe 5 GpXjc}
­¯tvo¶e>pXqy`¬tX­l`ce   qy`ctXs§qe%|=¡·e ¨c|¨cpX¦§¦«£®d]pX½^e ­¯tvosujcs«lns§pX¦pXonp^d]erlneo|%z[¡±eµ{verl



















cs³p^|%°_a`ce ltXlypX¦|sud¨~¦³p^le%}¬}p^lnpX|erlsu|=q%tvdf5tv|e}¬tX­(v   |£Ljmln`cerlnsuq )w¢sud]pX{ve%|z
{ve%jceonp^le%}pX|a­¯tv¦u¦§tQ¡(|%°
6Zs§o|l>z~p [eo­¯eqln¦«£	|£Ld]dferlnosuq>p^¦!s§d]pX{ve9 G s§|±q%oe%p^lne}0°  eq%tvjc|s§}~e%o(pXjtvos§{Xs§jp^¦











}ceºLs§p^lnsutvj¾tX­gmÇUsu|$pX}c}ce}0ztXj¾ltv tX­ln`~e Cjp^l¨conp^¦FEwjctvsu|e©tX­l`ce©tvosu{vsujpX¦ )
s§d]pX{ve^° 6tv¨~oln`Äz!p	otv¦u¦@z!p£mp>¡p^jc{v¦ueµpXjc}¥plnopXjc|¦³p^ls§tXj¬pX¦§tXjc{	ln`ceµ¦ue­3lxkos§{v`mlp %~su|
s§|pXcc¦usue%}0°  e qy`~tªtv|e¥l`ce pXjc{v¦ue%|s§j¾ln`ce |erl
 ªzg~z ;~zu°§°u°uz   »Æ@suj;}ce{voee%|nÇrz
pXjc}¼l`celnopXjc|¦³p^ls§tXjc| suj#ln`ce	|el
~zcz~zu°u°§°uz   ¥Æ¯s§j ºvt&%ªe%¦u|yÇr´Uln`cegXX®5tv||s§c¦ue
q%tvdcs§jcp^lnsutvjc|qtvjc|lsul¨~lne·ln`ce 6~Qc -   Xjct^lne·l`p^lGl`ceapX~c¦§sue%}µj~tvs§|eas§|P}cs[e%oe%jml
s§j$e>pXqy`s§d]pX{XeX°9·£Ooe|npXdfc¦usujc{ G lt]l`ce|suÃ%e  >zc¡·e{Xel(ln`cesud]pX{ve  * °Ta}c}csujc{ln`ce®|pXdfe®¦ue%|sutvjc|z}~e­¯tvodUplnsutvjc|pXj~} onpXjc}~tvd jctvsu|e©suj  * z¶pXc~¦u£Lsujc{#ln`cew|npXdfeotXlnp^lnsutvjc|zÄpXj~}wlnopXjc|¦§p^ls§tvj~|tX­ ~z   zu°§°u°uzZfºvt&%ªe%¦u|]Æ@jct^lnel`p^lln`celnonp^jc|­¯tvod]p^lnsutvj
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